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Previous studies have indicated that the main fractions of humic substances (HS), gray humic acid
(GHA), brown humic acid (BHA), and fulvic acid (FA), present different molecular patterns in water
solution that are probably associated with specific structural features. However, the techniques used
in these previous studies did not permit clarification of the principal qualitative characteristics of these
structures. To study more in depth this subject several GHA, BHA, and FA have been analyzed
through the complementary use of UV-visible and FTIR spectroscopy, 13C NMR, thermogravimetry,
and pyrolysis GC-MS. The results indicate that the studied humic fractions have different and distinctive
structural features. Thus, large and nonpolar structural units (paraffins, olefins, terpenes) and aliphatic
structures seem to accumulate in the gray fraction, whereas the smallest and more polar (furfural,
phenols) and simpler structural units (sugar- and amino acid-related structures) are present in the
fulvic one. BHA has a higher content in polycyclic aromatic moieties, S-containing compounds and
aromatic structures, thus suggesting the presence of more condensed aromatic rings. Likewise,
differences in both the presence of polar groups and the apparent molecular size explain the pattern
of solubility as a function of pH and ionic strength (I) that defines each HS fraction. These results
also indicate that the structural differences among the HS fractions are not only quantitative (the
presence of the same type of structures differing in size and the concentration of functional groups)
but also qualitative, because each fraction presented different and distinctive structural domains.
These structural domains explain the molecular patterns associated with each HS fraction. Thus, the
presence of smaller and more O-functionalized structural units including aromatic domains in FA
explain their tendency to form molecular aggregates (hydrogen bridges, metal bridges, and
hydrophobic interactions) in solution. This fact could also explain the presence of molecular aggregates
in BHA, although to a lesser extent than in FA. Finally, the dominant aliphatic and less functionalized
character of GHA may justify its lower tendency to form aggregates in solution at neutral and alkaline
pH. Likewise, the results also indicate that the different structural domains associated with these
fractions may be the consequence of diverse biosynthetic pathways involving different precursors.
KEYWORDS: Humic substances; gray and brown humic acid; fulvic acid; pyrolysis GS-MS; thermo-
gravimetry
INTRODUCTION
An adequate comprehension of the chemical nature of humic
substances (HS) is fundamental to better understand both carbon
cycle (1) and many physicochemical processes occurring in soils
(2). A number of studies have shown that HS are very complex
and heterogeneous molecular systems (3). In fact, the definition
of HS is rather ambiguous in chemical or structural terms, and
their classification is principally related to procedures of* Corresponding author (telephone 34 948 324752; fax 34 948
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separation and fractionation as a function of their different
solubilities with variations of pH and ionic strength (I). Thus,
gray humic acids (GHA) are soluble in alkaline media and low
I values, brown humic acids (BHA) are soluble in alkaline
conditions independent of I values (1, 4-6), and fulvic acids
(FA) are soluble independent of pH and I. A number of works
principally based on the study of each HS fraction using
qualitative indices derived from UV-visible spectroscopy, such
as the E4/E6 ratio or RF, suggest the presence of specific and
different structural domains in BHA and GHA (6). Other studies
based on porosimetry and size distribution supported this
conclusion (7-12).
A previous research carried out in our laboratory involving
complementary analytical techniques (ultrafiltration, transmis-
sion electron microscopy, confocal microscopy, fluorescence
spectroscopy, and 13C NMR) indicated that these humic fractions
corresponded to different molecular patterns (11). Thus, GHA
presented a dominant macromolecular pattern and aliphatic
character; BHA showed both a macromolecular and a supramo-
lecular pattern, with a significant aromatic character, and finally
FA mainly exhibited a supramolecular behavior, with the
presence of differently substituted aromatic structures (11).
Likewise, the apparent molecular size decreased in the order
GHA > BHA > FA (11). The results suggested that these
different HS fractions probably have specific and singular
structural features. However, the conclusions derived from the
13C NMR study are not totally conclusive as certain studies
indicate that this technique could over- or underestimate some
properties such as aromaticity and aliphaticity (13). More
recently, another study involving the multistatistical analysis
(Paretto analysis) of MS spectra of several GHA, BHA, and
FA showed that these HS fractions corresponded to specific and
different patterns of molecular ion distribution, thus also
suggesting specific structural patterns for each HS fraction (14).
However, little information on the structural features of these
HS structural groups could be derived from this study.
In this context, the complementary use of potentiometric
analysis, UV-visible-FTIR spectroscopies, pyrolysis GC-MS,
and thermogravimetry can be of great value to both complete
the information obtained from 13C NMR and characterize the
aromatic and aliphatic moieties in these HS fractions. Likewise,
this study can also contribute to the explanation of the dominant
molecular patterns present in the different HS fractions in
structural terms.
MATERIALS AND METHODS
Humic Materials. Soil humic acids from different origins were used
in this study: a young brown coal humic acid (leonardite) extracted
from a soil sample of Czech Republic (ZHA) (15), a commercial humic
acid from Aldrich Chemical (AHA), and a Leonardite Standard Humic
Acid (LHA) purchased from the International Humic Substances Society
(IHSS). Two fulvic acids from IHSS standards were included in this
work: Suwannee River Reference Fulvic Acid (SRFA) and Waskish
Peat Reference Fulvic Acid (WRFA).
Extraction Procedure. The different HS were isolated and purified
following the IHSS procedure (1, 16) and freeze-dried. IHSS standards
did not need this treatment. Humic acids (HA) were fractionated in
GHA and BHA fractions according to the method of Swift (4). Briefly,
we dissolved 12 g/L of HA in 2 M KCl at pH 7. After 12 h of
continuous stirring, the suspension was centrifuged (7650g of centrifugal
force). The solution containing BHA and the precipitate containing
GHA were purified following the IHSS procedure (1, 16) until the ash
contents were <2%. The samples were named as follows: AGHA
(Aldrich gray humic acid), ABHA (Aldrich brown humic acid), LGHA
(Leonardite Standard gray humic acid), LBHA (Leonardite Standard
brown humic acid), ZGHA (Czech gray humic acid), ZBHA (Czech
brown humic acid), WPFA (Waskish Peat Reference Fulvic Acid), and
SRFA (Suwannee River Reference Fulvic Acid).
UV-Visible Study. The RF and ∆ log K parameters were obtained
following the procedure described by Kumada (6). The HA fractions
were diluted to 1% in 0.1 M NaOH. The RF was calculated as K600 ×
1000/C, where K600 is the optical density of HA solution at 600 nm
and C is the milliliters of 0.1 M KMnO4 consumed in the oxidation of
30 mL of the HA solution. On the other hand, ∆ log K is defined as
log K400 - log K600, where log K400 and log K600 are the logarithms of
the optical density of HA solution at 400 and 600 nm, respectively.
Potentiometric Titrations. Potentiometric titrations were carried out
on solutions prepared by dissolving an adequate amount of lyophilized
HS fractions in 0.1 M NaOH. Once the HS has been dissolved, an
H+-cationic exchange resin (Amberlite IRA-118H+) was added to the
stock solution to attain a final pH of 3.5. The resin was then separated
by centrifugation (15 min at 5000g of centrifugal force). To carry out
the titration studies, an aliquot of the stock solution corresponding to
50 mg of the molecular system was added to a water solution containing
0.5 mL of 0.1 M HClO4 and the required volumes of 1 M KNO3 for
fixing ionic strength (I) values (0.01 M). The final volume was 35 mL.
The solution was titrated with 0.05 mL increments of 0.1 M NaOH by
using a Metrohm Titrando 809 under N2 atmosphere, and the pH was
registered by means of a combined pH glass electrode of the same
company. To ensure that equilibrium between measurements has been
reached, no base was added until the pH measurement remained stable
with a variation of pH no greater than 0.01 pH unit over 5 min. The
experimental data were treated following the method of analysis of
functional groups described by Gerard et al. (17).
FTIR Spectroscopy. Pellets were prepared by mixing 1 mg of each
freeze-dried sample with 100 mg of KBr to homogenization. Infrared
spectra were recorded on these pellets with a Nicolet Magna-IR 550
spectrometer over the 4000-400 cm-1 range, with a resolution of 2
cm-1.
Solid-State 13C NMR Spectroscopy. Solid-state 13C NMR spectra
were obtained on a Bruker Avance AV-400WB (9.4 T) spectrometer
at 100.47 MHz using the cross-polarization magic angle spinning
technique (CPMAS), with a spinning speed of 12 kHz, 90° pulse width,
30 ms acquisition time, and 4.0 s delay.
Thermogravimetric Analysis (TGA). Thermogravimetric studies
were carried out heating continuously from 25 to 1450 °C at a heating
rate of 10 °C min-1. The TGA curves were recorded on a Mettler
Toledo thermoanalyzer TGA/SDTA851. The peaks were deconvoluted
with the software PeakFit v4.12 (SeaSolve Software Inc., 2003).
Pyrolysis GC-MS. Pyrolysis GC-MS was performed on an Agilent
6890 Network gas chromatographic system coupled to an Agilent 5973
Network mass selective detector (electron impact at 70 eV). The column
(fused silica, 30 m × 0.25 m × 0.25 mm) was coated with DB5MS.
About 0.5 mg of sample was loaded in the cup of a PY2020iD pyrolyzer
(Frontier Laboratory Ltd.) and heated at 500 °C for 1 min. The pyrolysis
products were injected directly through a deactivated needle inserted
in the GC-MS injector. The GC injector temperature was 250 °C, and
the interface between the pyroprobe and the GC system was kept at
350 °C. The temperature program was as follows: from 50 to 100 °C
at a rate of 30 °C min-1 and from 100 to 300 at 10 °C min-1.
Statistical Analysis. All statistical analyses have been made by
Statistica v6.0 software (StatSoft, Inc., 1984-2001). Pearson coef-
ficients were used for correlation data.
RESULTS AND DISCUSSION
The results concerning acid group concentration of the
different HS fractions studied are presented in Table 1. In
general, the results obtained were in line with those previously
reported (1). Thus, the acidity and oxygen-containing functional
group concentration obtained by potentiometry follows the order
FA > BHA > GHA (Table 1). This result is in line with previous
results related to the elemental composition of the different
humic fractions obtained using elemental analysis (11).
With regard to the UV-visible study, both ∆ log K and RF
indices were calculated and plotted according to the method of
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Kumada (6) (Figure 1). When compared with Kumada HS
classification, GHA are similar to A-type HA, whereas BHA
corresponded to B-type HA class. Kumada used this classifica-
tion to establish differences between humic acids with different
origins, but our results show that it is also of interest to
differentiate between brown and gray humic fractions. In
general, RF values for GHA were higher than those of BHA,
which may indicate not only a higher humification degree in
GHA but also differences in the humification pathways for both
HA fractions. Likewise, these results are compatible with the
presence of different structural domains in the considered HS
fractions.
The FTIR spectroscopy data also indicated the presence of
different structural domains for each HS fraction studied.
Although FTIR is a classical technique for HS characterization
(18-25), the information it provides is rather qualitative and
less straightforward than that obtained with other techniques.
This is due to the number of absorption bands that may overlap
in a specific region of the spectrum. Most authors agree on the
assignation of the absorption bands for the different functional
groups (Table 2; Figure 2). In general, the BHA fraction
strongly absorbed in the aromatic (1620 cm-1), carboxylic (1700
cm-1), and hydroxyl stretching (3400-3200 cm-1) regions, more
than the other fractions, whereas for FA fractions the carboxylic
and hydroxyl regions are the most absorbing ones. These results
are in line with those obtained from potentiometry.
The GHA fraction displayed a fair absorption in the typical
absorption regions for alcohols (1170 cm-1) and aliphatic
methylene groups (2930-2850 cm-1). These bands are scarce
or did not appear in either BHA or FA fractions. These results
indicate that GHA presents more aliphatic character than BHA
and FA. Shin et al. (21) and Tanaka et al. (24) have reported a
similar pattern in humic fractions of high molecular weight in
comparison with fractions of low molecular weight. According
to Chen et al. (26), an aliphaticity/aromaticity index may be
obtained from the 2900-2950/1600-1620 cm-1 ratio. The
results obtained (Table 2) showed higher values of this ratio
for GHA in comparison with BHA and FA, whereas there were
no clear differences between BHA and FA. These results
indicate a dominant aliphatic character for GHA and a significant
aromatic one for BHA and FA.
To study more in depth the features of these structural
domains we applied TGA and pyrolysis GC-MS analysis to the
different HS fractions.
A number of investigations have shown that in thermogravi-
metric studies (differential thermogravimetry, DTA) of HS the
following temperature ranges can be distinguished: dehydration
(interval I), from 70 to 110 °C; degradation of aliphatic
structures and polysaccharides (interval II), from 210 to 380
°C; decarboxylation (interval III), from 380 to 460 °C; and
degradation of more refractory structures, such as aromatic rings
and aromatic condensates (interval IV), up to 650 °C (25-29).
The TGA data of the studied HS fractions are presented in
Table 3. All fractions showed a peak at around 100 °C (interval
I) that corresponds to the typical water loss of these substances.
Likewise, all of them display a peak within interval II that can
be associated with the decomposition of aliphatic-type and
polysaccharide structures. In the case of GHA fractions the peak
represents the highest percentage of mass loss, in relation to
total mass loss. This reflects the important aliphatic character
of GHA. However, the relative importance of this peak in BHA
Table 1. Functional (Potentiometry) Analysis of the Different Humic
Fractionsa
acidity (mmol/g of HS)
strong acidity COOH phenolic OH total acidity
AGHA 0.10 0.90 0.48 1.48
ABHA 0.50 1.83 1.15 3.48
LGHA 0.14 0.30 0.25 0.69
LBHA 0.20 2.16 1.14 3.50
ZGHA 0.12 1.42 0.71 2.25
ZBHA 0.33 2.22 0.98 3.54
WPFA 1.18 1.72 0.86 3.76
SRFA 1.56 2.13 0.93 4.62
a AGHA, Aldrich gray humic acid; ABHA, Aldrich brown humic acid; LGHA,
Leonardite gray humic acid; LBHA, Leonardite brown humic acid; ZGHA, Czech
gray humic acid; ZBHA, Czech brown humic acid; WPFA, Waskish Peat Fulvic
Acid; SRFA, Suwannee River Fulvic Acid.
Figure 1. Kumada classification diagram of different humic fractions.
Table 2. Main FTIR Absorption Bands of the Different Humic Fractions and Their Relative Intensity in Each Fraction and the 2930 cm-1/1610 cm-1 Ratioa
υ (cm-1) AGHA ABHA LGHA LBHA ZGHA ZBHA WPFA SRFA
OsH stretching 3400 +++ ++++ ++ ++++ +++ +++ ++++ +++
3200 +++ ++ ++ +++ ++++ +++ +++ ++
aliphatic CsH stretching 2930 ++++ + ++++ ++ +++ + + +
2850 ++ + +++ + ++ + - -
COOH stretching of H-bonded OsH 2650 + ++ + ++ ++ ++ + +
CdO stretching of COOH 1700 ++ +++ ++ +++ ++ ++++ +++ ++++
aromatic CdC vibration, CdO stretching of H-bonded quinones 1620 ++ +++ ++ +++ +++ +++ ++ +
CdN stretching, NsH deformation 1500 + - - - + + + -
aliphatic CsH deformation 1450 ++ ++ + + + + + +
OsH deformation and CsO stretching of phenolic OH 1400 +++ +++ ++ ++ +++ ++ ++ +
OsH and CsO deformation of COOH 1250 ++ ++ ++ ++ ++ ++ ++ ++
OsH deformation of aliphatic OH 1170 + - + - + - + -
CsO deformation of polysaccharides 1100 ++ - - - ++ - - -
1050 ++ + ++ + ++ + + +
aliphatic CH2 chain vibrations 800 + - - + + - + -
750 + - + - - - - -
2930 cm-1/1610 cm-1 ratio 1.81 0.92 1.73 0.72 0.98 0.79 0.74 0.88
a +++, highest intensity; -, lowest intensity.
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was clearly lower than in GHA (Table 3B). It was also
noteworthy that the temperature values corresponding to this
peak were clearly higher for GHA than for BHA and FA (GHA
> BHA > FA) (Table 3A). This fact indicates a higher resistance
to thermal decomposition for the aliphatic and polysaccharide-
type structures present in GHA than for those present in BHA
and FA. In principle, these results could be due to differences
in both the humification degree of these humic types and/or
their biosynthetic pathways.
In the decarboxylation interval (III), all of the samples showed
peaks between 380 and 460 °C. GHA are the fractions that
exhibit peaks at higher temperatures within this interval (Table
3A). However, potentiometric results showed the lowest car-
boxylic content for GHA (Table 1). This result may be related
to the presence of a chemical and structural domain surrounding
the carboxylic groups in GHA that protects them from decar-
boxylation, shifting the peak in the thermogram toward higher
temperatures.
At higher temperatures (interval IV, degradation of aromatic
structures), it can be noted that AGHA and LGHA displayed
no peaks. This result corroborates the remarkable aliphaticity
of these fractions as revealed by FTIR (Figure 2) and solid-
state 13C NMR spectroscopy (Table 4). In this sense, although
ZGHA exhibited a peak in this temperature interval (480 °C),
its decomposition temperature was lower than that of the
corresponding peak for ZBHA (545 °C), thus suggesting more
Figure 2. FTIR spectra of the different humic fractions.
Table 3
(A) Temperature Values (°C) for the Peaks in the Different TGA Intervals for the Humic Fractionsa
range I range II range III range IV
AGHA 100 365 425 nd
ABHA 101 276 417 507
LGHA 70.8 365 430 nd
LBHA 98.6 283 389 493
ZGHA 101 324 442 480
ZBHA 106 289 399 545
WPFA 90.6 259 393 519
SRFA 81.9 265 395 489
(B) Mass Percent of Deconvoluted Peak for Chemical-Associated Structures
AGHA ABHA LGHA LBHA ZGHA ZBHA WPFA SRFA
water loss 7.31 15.4 2.24 18.9 8.94 14.0 13.5 11.2
aliphatic-type and polysaccharide structures 74.8 37.5 60.6 26.2 36.4 25.9 39.6 38
decarboxylation interval 17.9 21.7 37.1 29.9 22.4 48.8 23.1 23.8
degradation of aromatic structures 25.4 25.7 32.3 11.7 23.6 27.1
a Range I, 70-110 °C; range II, 210-380 °C; range III, 380-460 °C; range IV, 460-650 °C. nd, not determined.
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labile and less refractory aromatic structures in ZGHA. All BHA
and FA samples presented this peak (Table 3A). In addition,
BHA had a peak at 1100 °C, which could be ascribed to black
carbon formed by charring as a consequence of thermal
condensation of secondary byproducts (30-35) or the existence
of black carbon derived material in humic substances present
in soils (36, 37). This fact evidenced again the presence of more
resistant aromatic structures in BHA with respect to GHA and
FA. In summary, TG analysis showed the predominant aliphatic
character of GHA and the aromatic one of principally BHA,
but also that of FA.
Pyrolysis GC-MS is a suitable technique for deepening the
study of the structure of the different HS fractions. The results
obtained with this method are presented in Table 4, the first
row including the selected pyrolytic markers (38-45). As can
be noted in this table, GHA accumulated the paraffin and olefin
carbon, when compared with BHA. The total content of alkanes
and alkenes (including terpenoids) was much higher in GHA
than in BHA and practically negligible in FA. These results,
besides confirming the dominant aliphatic character of GHA,
also indicate that this aliphatic character probably has a lipidic
origin because the pyrolytic and 13C NMR markers for polysac-
charides (PS and O-alkyl-C, respectively) are negligible. These
conclusions are also supported by the correlation coefficients
between pyrolysis GC-MS markers and 13C NMR markers
(Table 5). Thus, a very significant correlation between the
aliphaticity measured by both pyrolysis GC-MS and 13C NMR
(R ) 0.99) was obtained. Furthermore, a negative correlation
between the aliphatic content measured by pyrolysis GC-
MS (higher in GHA) and the phenol-C content measured by
13C NMR (higher in FA and BHA) (R ) -0.73) was also
found. The fact that PS marker is very well correlated to
carbonyl-C (13C NMR) (R ) 0.91) suggests that this
functionality in FA and BHA seems to be concentrated in
the polysaccharide moiety.
With regard to phenols, alkylbenzenes, and polycyclic
aromatic hydrocarbons (PAHs) (aromatic markers), they are
concentrated in BHA, although phenols were also present in
FA (Table 4). Thus, BHA and FA presented principally an
aromatic character, although the qualitative characteristics of
the aromaticity seem to be different between both groups. This
result is in line with that obtained using 13C NMR. In fact, the
aromaticity measured by pyrolysis GC-MS is well correlated
to arom-C content measured by 13C NMR (R ) 0.77) and also
is negatively correlated with the aliphaticity measured by
pyrolysis GC-MS and 13C NMR (R ) -0.84 and R ) -0.81,
respectively) (Table 5). Likewise, results obtained by pyrolysis
GC-MS (principally concerning PHAs) also indicate the pres-
ence in BHA of an aromatic moiety containing more condensed
structures than in the case of FA that present simpler aromatic
rings but more functionalized (the presence of polar groups in
the ring, such as phenols). These results are in line with those
previously obtained using synchronous fluorescence spectros-
copy (11).
With respect to the N-containing groups it can be mentioned
that the highest percentage is due to N-heterocycles (Table 4).
These compounds, together with amines, concentrate in the
fulvic fraction. In principle, these groups might be obtained by
cycle formation of N-groups from amino acids with protein
origin during pyrolysis, because they have not been detected in
HS by 15N NMR (38). This fact is corroborated by a high
correlation between N-compounds measured by pyrolysis GC-
MS and O-alkyl-C and carbonyl-C (amino acidic markers) by
13C NMR (R ) 0.71 and R ) 0.82, respectively).Ta
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Sulfur compounds accumulate in BHA and SRFA, thus
suggesting that they do not have a dominant lipidic character,
in contrast to the results reported by Saiz-Jime´nez (42). This
result is corroborated by the fact that sulfur markers were well
correlated with phenol-C (R ) 0.72) and negatively correlated
with the aliphatic content by pyrolysis GC-MS and 13C NMR
(R ) -0.50 and R ) -0.51, respectively).
The high consistency between the information derived from
pyrolysis GC-MS and 13C NMR that is reflected in the high
correlation among the structural markers corresponding to both
techniques (TPh and phenol-C, and AL and alkyl-C, also
presented high correlation: R ) 0.97 and 0.99, respectively),
indicating the high complementarity of both techniques.
In consequence, the information obtained from the comple-
mentary use of TGA, pyrolysis GC-MS, and 13C NMR (and
also FTIR) clearly shows that the different HS fractions studied
(GHA, BHA, and FA) have different and distinctive structural
features. Thus, large and nonpolar structural domains (paraffins,
olefins, terpenes) and aliphatic structures seem to accumulate
in the gray fraction, whereas the smallest and more polar
(furfural, phenols) and simpler structures (sugar-, amino acid-
related structures) are present in the fulvic one. The brown humic
fraction presents a higher content in PAHs, furans, and S-
containing compounds and aromatic structures, thus suggesting
the presence of more condensed aromatic rings and polysac-
charides. Differences in the polar character of each humic
fraction considered together with their apparent molecular size
explain the pattern of solubility as a function of pH and I that
defines each HS fraction. However, these results also indicate
that the structural differences between each fraction are not only
quantitative (the presence of the same type of structure differing
in size and the concentration of functional groups) but also
qualitative because each fraction corresponds to a different and
distinctive structural pattern. These structural patterns explain
their associated molecular ones. In this sense, the presence of
smaller and more O-functionalized structural units and aromatic
domains in FA explains their tendency to form molecular
aggregates (hydrogen bridges, metal bridges, hydrophobic effect)
in solution (supramolecular pattern). This fact could also explain
the presence of molecular aggregates in BHA, although to a
lesser extent than in FA. Finally, the dominant aliphatic and
less functionalized character of GHA may justify their lower
tendency to form aggregates in solution at neutral and alkaline
pH (macromolecular pattern).
To investigate the possible degradation pathways associated
with each HS fraction, we have calculated two different indices
of the biodegradation degree. The first one is the syringol-to-
guaiacol ratio (38, 40, 41), which refers to the biodegradation
of lignin. Guaiacol units are more resistant to degradation by
microorganisms than syringol (40, 41), and therefore, the higher
the value of this ratio, the lower the biodegradation undergone
by the humic fraction. Both guaiacol and syringol units were
present in the pyrolysates of FA, whereas syringols were absent
in the pyrolysates of both BHA and GHA (Table 4). According
to this index, GHA would be more biodegraded than BHA, and
FA would be less biodegraded. The second index of biodegra-
dation is based on the alkane + alkene content, originated from
hydrocarbons with high resistance to degradation (38, 42, 45).
Thus, the samples with higher alkane + alkene content would
be less biodegraded. The results are presented in Table 4. In
this case the values of this index indicate the following order
of degradation: FA > BHA > GHA.
In principle, the contradictory conclusions derived from these
two indices may be explained by both the presence of different
organic precursors for each molecular fraction and diverse
biosynthetic pathways. Thus, the different structural domains
associated with these fractions may be the consequence of
diverse biosynthetic pathways involving different precursors.
Finally, these results reinforce the practical and theoretical
interest of the classical HS classification in gray humic acids,
brown humic acids, and fulvic acids. This taxonomy is not only
valid, but it has the advantage of discriminating different
structural domains typical of each fraction, making easier the
knowledge of the molecular composition of HS and their
complexity. In addition, it may be used for establishing
relationships between the structure of HS systems and their
environmental role in different ecosystems.
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